During September 2004 a field study was carried out on the Hawaiian Island of Kaho'olawe to explore various aspects of the effect of magnetic soils on time domain electromagnetic (TEM) measurements. This field work was in support of two Strategic Environmental Research and Development Program funded research projects (UX1355 and UX1414) whose goals are to investigate the source and spatial variability of magnetic soil anomalies, to create a methodology for modelling the response of magnetic soils, and to develop TEM data collection techniques that can better discriminate between the response of magnetic soils and unexploded ordnance (UXO). Detailed electromagnetic surveys were carried out at a test site on the island. The data from the surveys verify the commonly held belief that magnetic variations in the soil can complicate the identification of UXO. However, the data also show that short wavelength variations in the TEM response due to micro-topographic variations and coil orientation effects can generate responses that could mask a UXO and/or result in a false positive. An overview of the surveys, a discussion of preliminary results and some practical recommendations for surveying in magnetic soil environments will be presented.
Introduction
Magnetic soils are a major source of false positives when searching for landmines or unexploded ordnance (UXO) with electromagnetic induction (EMI) sensors. In regions with high concentrations of viscous remanent magnetic soils the large background signal can produce electromagnetic anomalies of the same spatial wavelength and amplitude as buried metallic targets. The clearance operations on Kaho'olawe bombing ranges have become a classic example of false positives due to magnetic soil. During the Kaho'olawe cleanup operations the UXO contractor conducted "'EM and Flag' surveys using the EM-61 and the TM-5 EMU in a real-time detection/discrimination mode" (Cargile et al., 2004) . During surveying, they "detected 61,261 subsurface anomalies and, after digging, they have found that only 2.7 percent are UXO, 27 percent are false positives from geologic sources, and 70.3 percent are the result of buried metal from both UXO and non-UXO related materials" (Cargile et al., 2004) . It would seem that a significant reduction in digging clutter could be achieved through the use of digital geophysics and discrimination. However, the data collected during the Strategic Environmental Research and Development Program (SERDP) Advanced UXO Detection/Discrimination Technology Demonstration at Kaho'olawe show that the effects of the magnetic soils are so pervasive that the performance of digital geophysics was comparable to 'EM and Flag'.
The poor performance of "standard" EMI sensors in magnetic soil environments has been the motivation for our research. During September 2004 a field study was carried out on Kaho'olawe to further explore various aspects of the effect of magnetic soils on time domain electromagnetic (TEM) measurements. This field work was in support of two SERDP funded research projects (UX1355 and UX1414) whose goals are to investigate the source and spatial variability of magnetic soil anomalies, to create a methodology for modelling the response of magnetic soils and to develop TEM data collection and interpretation techniques that can better discriminate between the response of magnetic soils and UXO.
The work performed on Kaho'olawe during this study focused on Grid 2E of the Navy QA grid. This 30x30m grid was selected based on Geonics EM63 data collected during the SERDP Advanced UXO Detection/Discrimination Technology Demonstration in 2001. These data highlight Grid 2E as an excellent example of problems observed in magnetic soil environments since they contain both large scale and small scale variations in EMI response (Cargile et al., 2004; Department of Defense, 2003; Pasion et al., 2003) .
Summary of Surveys and Tests
The first step in the field study was to collect EM61 data over Grid 2E. The gridded image of the response from the first time channel (Figure 1 Figure 1: Gridded channel 1 EM61 data collected over Grid 2E at the Navy QA Range, Kaho'olawe. Colourbar scale is in mV. The blue line represents the location of the rivulet running through the grid, the black polygons represent the location of a hole and the pile of dirt excavated from the hole, the magenta polygon indicates the location of the plank grid and the dashed magenta line indicates the line of data used in the analysis.
variation across the grid. There is a low response area in the southeast corner and a higher response area in the north and northwest area of the grid (note that the data have been rotated and translated such that all lines run north-south and the southwest corner of the grid lies at coordinate 0,0). The measurements in the high response area are approximately 300 mV greater than the values in the low response area. These data also shows evidence of small scale (high spatial frequency) variations in the response (note that all of the QA rounds were removed by the Navy, and therefore there are no known UXO in the Grid 2E). The two dimensional power spectrum of the data (Figure 2) shows that, while the majority of the power is centered at small wave numbers (low frequency), there is significant power at large wave numbers (high frequency). During data collection and quality control it was noticed that some of the high frequency effects correlated well with localized micro-topographic features. The annotations on Figure 1 indicate the locations of the more prominent features. The blue line shows the path of a small (approx. 10cm deep) rivulet that crosses the grid. The two black polygons indicate the location of a hole (right polygon) where a QA round was excavated and the pile of soil (left polygon) excavated from the hole. The hole is approximately 19cm deep and the pile is approximately 22cm tall. Photographs of the hole and pile are shown in Figure 3 . The responses attributed to these features were on the order of 175 mV. A series of tests were devised to investigate the relationship between micro-topography and coil orientation and to determine the effects on TEM data. Both a coil tilt test and a coil height test were performed in the high response area in order to quantify the effects that may occur during surveying. During the tilt test data were collected with the coil at a fixed tilt angle as shown in the left panel of Figure 4 . This was repeated for seven orientations ranging from horizontal to almost vertical (front edge of coil on the ground). The results from the tilt test are shown in the right panel of Figure 4 . During the height test data were collected with the coil at a fixed height above the ground as shown in the left panel of Figure 5 . This was repeated for eleven heights ranging from 0 to 64 cm. The results from the height test are plotted with modelling results in the right panel of Figure 5 . In order to model the height test measurements we calculated the frequency domain field at the center of a loop located at a given height h above a half-space with a frequency dependent susceptibility χ defined as
where ω is the frequency, χ o is the static (ω = 0) susceptibility and τ 1 and τ 2 are the two time constants that determine the limits of the uniform distribution of time constants (Pasion et al., 2002) . For our modelling we used χ o = 0.1 SI, τ 1 = 10 −6 s, τ 2 = 10 6 s and a half-space conductivity of σ = 10 −3 S/m. The field was evaluated over a range of frequencies and transformed to the time domain using the Fourier transformations of the frequency response for a causal step turn-off (Newman et al., 1986) . The curve in Figure 5 shows that the modelled response diverges from the measured response when the height is less than 10cm. This discrepancy may be due to the fact that the response of the coil is being approximated using the field at the center of the loop as opposed to explicitly integrating the field around the path of loop.
The results from both tests illustrate that in magnetic soil environments even small changes in coil orientation and the distance between the coil and the surface can result in significant amplitude variations. The tilt test showed that as the tilt angle of instrument increases, which effectively decreases the distance between the effective area of the coil and the ground, the amplitude of the TEM response increases. By tilting the coil 10 degrees forward the amplitude increased by approximately 29 mV. The height test showed that very small variations in the height of the coil can result in large changes in amplitude. For example, when the coil was positioned at 36 cm instead of the normal survey height of 40 cm, the amplitude increased by approximately 77 mV. During production UXO EMI surveys tilt variations on the order of 10 degrees and height variations on the order of 4cm are commonplace. Therefore, it is likely that micro-topographic effects will be a source of high frequency response/noise in EMI data collected in magnetic soil environments.
Analysis of micro-topographic effects
In order to investigate these effects further, we created a platform to collect data free from coil orientation errors within the high response area. We laid out a grid of planks along the tracks where the tires of the EM61 would traverse. The location of the grid is represented by the magenta polygon in Figure 1 and photographs of the grid are shown in Figure 6 . By collecting EM61 data on a smooth plank grid it was possible to eliminate any sudden changes of tilt. For the purpose of comparison, data were collected on the ground as well. Great care was taken to ensure that the paths of the two surveys were as similar as possible. Elevation data, both on the planks and on the ground, were collected in order to quantify coil height effects. The analysis concentrated on a single line of data from the plank grid shown as a dashed line in Figure 1 . Profiles of the data collected on the planks and on the ground are shown in Figure 7 . The data collected on the ground contain high frequency, large amplitude responses which are completely absent from the plank data. For the majority of the line the plank data is smoothly varying and has a lower amplitude than the ground data. At the north end of the line (approximately 21.5m N) the plank data goes through a rapid 55 mV increase in amplitude. After this point the amplitude and shape of the plank data is similar to that of the ground data. This change occurred as the EM61 rolled off the end of the plank grid and experienced a decrease in coil height from approximately 42 cm to 40 cm and likely tilted forward. Based on the results of the height and tilt tests these changes in coil orientation can easily account for a 55 mV increase in amplitude.
The elevation difference between the ground and planks plotted in Figure 8 shows a strong correlation between the smooth variations in the plank data and the coil height. The 50 mV decrease in amplitude in the plank data located at the center of the line correlates well with the 10cm deep rivulet. This is expected since the distance between the coil and the ground gradually increases and then decreases as the EM61 traverses the rivulet. There is also a distinct feature in the ground data at this point. The channel 1 response goes through a very sharp high-low-high change with an amplitude of approximately 60 mV. Since the rivulet is not perpendicular to the line a possible cause of this response is the EM61 wheels getting stuck in the rivulet one after the other. As surveying took place the left wheel would have gone into the rivulet first bringing the coil closer to ground and likely tilting it as well. This would have caused an increase in amplitude. Then the wheel would have come out of the rivulet and left the coil straddling the rivulet, increasing the coil height and causing a decrease in amplitude. Then the right wheel would have gone into the rivulet causing a second increase in amplitude. While both datasets contain coil orientation effects in the vicinity of the rivulet, the fact that coil orientation was not measured during the surveys makes it only possible to correct for the height variations in the plank data.
The modelling results from the height test were used to calculate a correction factor to apply to the plank data in order to effectively lower the coil to the same level as the ground data. At each measurement location along the line the half space response, d, was calculated for the nominal coil height, h nom = 40 cm, and for the actual height, h true , of the coil during the survey. The correction factor, δd, was calculated as
and was added to each measurement from the plank data. The corrected plank data plotted in Figure 7 is similar in amplitude to the ground data. The corrected plank data contains more high frequency variation than the plank data however the variation does not appear to be as extreme as in the ground data. The anomaly observed about the rivulet in the height corrected data is most likely an artifact of the correction procedure. The correction procedure uses a halfspace whereas the true earth has a variable topography.
As such the decrease in signal will be over-estimated. We can consider the correction being applied above a narrow channel. The height correction for an observation directly over the channel is independent of the width of the channel, however the actual disturbance in the EM signal caused by the channel will approach zero as the width of the channel goes to zero. Therefore, we should expect an overcorrection that correlates with the topography, similar to what we see in corrected plank data. In order to quantify the differences in variability between the datasets we calculated their variogram functions. The variogram function 2γ ⋆ (h) is defined by Journel and Huijbregts (1978) as
where N (h) is the number of measurement pairs [z(x i ), z(x i + h)] separated by the along line distance h. By interpreting the variogram functions plotted in Figure 9 it is possible to determine the values of the range, a, and the nugget constant, C o . The range defines the distance beyond which there is no correlation between pairs of data points. This value can be thought of as the range of influence that data points have on one another. The nugget constant is the value of γ ⋆ at h = 0. Most variogram functions approach zero as h decreases, however when a variogram function is non-zero when h = 0 this data is said to exhibit a nugget effect. The nugget effect can be due both to measurement errors and to micro-variabilities of the data. The ground data variogram function has a range of a = 0.25m and C o = 90. This tells us that the data are dominated by high spatial frequency features. The plank data variogram function has a range of a = 0.8 m and does not exhibit a nugget effect. The fact that the large amplitude, small-scale variations seen in the ground data are absent from the plank data suggest that the nugget effect seen in the ground data could be the result of tilt effects. The height corrected data, as one would hope, exhibits a mixture of the properties of the plank and ground data. The variogram function for the height corrected data has a range of a = 0.5m indicating the presence of greater variation at short wavelength than is seen in the plank data. However, like the plank data, variability approaches zero as the distance between measurements decreases. Overall, the variogram analysis has shown quantitatively that even performing a rough height correction has made it possible to recover data that is similar in amplitude, yet lacks the high frequency variations present in the ground data. 
Conclusions
High spatial-frequency variations in TEM data are a source of false positives. These high frequency variations can arise from spatial variability of soils but also from micro-topography. This paper has presented an analysis of the spatial frequency content of TEM data and has given an example of using a specialized survey setup to overcome some of the micro-topographic effects. Unfortunately, production surveying using planks to eliminate coil tilt and an elevation survey to correct for micro-topography is not practical. Therefore, the ultimate problem will not be removing height effects from data collected on a tilt free path (as was done in the analysis), but removing tilt and height effects from data collected on an uneven surface. This problem is potentially more difficult, however it is tractable if the EMI data are collected along with sensor orientation information. The sensor orientation data could then be used to correct for tilt effects during post processing, or the orientation parameters could be included as inputs into modelling routines used during interpretation. The added cost of collecting orientation information could be justified if the results are able to reduce the number of false alarms due to geology and provide data that could then be used for target discrimination.
